Bohr radius, quantum confinement effects emerge, the bandgap energy increases, and discrete energy levels appear in the density of states spectrum. From this point of view, PbSe is of particular interest for its large exciton Bohr radius (46 nm) and equal electron and hole effective masses, [7] which allows to achieve strong confinement even in relatively large particles. Moreover, PbSe has a narrow bandgap (0.28 eV in bulk), [8] with consequent optical activity in the near infrared spectral range [9] and displays a high dielectric constant (ε m = 23). [10] These versatile characteristics make PbSe QDs promising semiconductor building blocks for photovoltaic devices, [11] electronic circuits, [12] and mid-and near-infrared sensing. [13] Moreover, it has been demonstrated that the dimensionality of the nanostructure, in practice the aspect ratio, allows for tuning the physical properties. For example, quasi-1D PbSe nanorods (NRs) have been reported to exhibit more efficient electron transport, [14] enhanced multiple exciton generation, [15, 16] reduced Auger recombination rates, [17] higher absorption coefficient, [18] and longer biexciton lifetime [19] relative to PbSe QDs. More recently, a maximum external quantum efficiency of 122% has been reported in PbSe NR solar cells. [15] Despite the prospects for high-performance PbSe NR solar cells, [15, 20] there is still a lack of studies about their transport properties. This is especially surprising as due to their 1D confinement higher mobilities than in QDs can be expected. The fabrication of thinfilm FETs is a useful method for studying charge transport properties in solution-processed semiconductors, such as QDs.
Moreover, it has been demonstrated that the dimensionality of the nanostructure, in practice the aspect ratio, allows for tuning the physical properties. For example, quasi-1D PbSe nanorods (NRs) have been reported to exhibit more efficient electron transport, [14] enhanced multiple exciton generation, [15, 16] reduced Auger recombination rates, [17] higher absorption coefficient, [18] and longer biexciton lifetime [19] relative to PbSe QDs. More recently, a maximum external quantum efficiency of 122% has been reported in PbSe NR solar cells. [15] Despite the prospects for high-performance PbSe NR solar cells, [15, 20] there is still a lack of studies about their transport properties. This is especially surprising as due to their 1D confinement higher mobilities than in QDs can be expected. The fabrication of thinfilm FETs is a useful method for studying charge transport properties in solution-processed semiconductors, such as QDs.
During synthesis colloidal QDs are capped with long-alkyl chain ligands, which provide solubility and stability in solution but also suppress charge carrier transport when the QDs are assembled in films. Ligand exchange with short molecules that can decrease the inter-QD spacing and passivate surface traps is essential for the fabrication of high performing devices. The choice of ligands largely depends on the desired QD properties. In early works, amines (especially hydrazine) were used for PbSe QD and nanowire-based transistors. [21, 22] To cross-link PbSe QD films, a series of short-chain bifunctional molecules (e.g., 1,2-ethanedithiol, [23] 1,3-benzenedithiol, [24] 3-mercaptopropionic acid [25] etc.) were introduced in device fabrication. Most recently, the use of halide ions (Cl − , Br − , I − ) have led to rapid improvements in PbS/PbSe QD solar cell power conversion efficiencies (up to 11.3%) and long-term stability in air. [1, 26] The proposed 
Introduction
Colloidal semiconductor quantum dots (QDs) have obtained great interest for their potential application in electronic and optoelectronic devices for their low-cost synthesis methods, size-and shape-tunability, and solution-based processability. These applications include solar cells, [1, 2] photodetectors, [3] light-emitting diodes, [4] and field-effect transistors (FETs). [5, 6] Compared to bulk materials, colloidal QDs exhibit unique sizeand shape-dependent electronic and optical properties associated with quantum confinement effects. Once the physical size of the material becomes comparable to, or smaller than their reasons for this success are that such halide ligands provide a very good passivation for the QD surface. [27] Moreover, the presence of trap states, which may stem from (i) the synthetic process; (ii) the ligand-exchange during fabrication; (iii) adsorption of molecules (e.g., water and oxygen) at the interface between the active layer and gate dielectric, [28] is responsible for not ideal transport properties. Again, while a large number of papers discuss results on PbS and PbSe spherical QDs, [12, [29] [30] [31] [32] [33] very little is known on PbSe rods charge transport properties.
In this work, we report about the fabrication and properties of PbSe NR FETs. By using high quality PbSe NRs, [20] forming crack-free thin films with an iodide salt (tetra-n-butylammonium iodide, TBAI) as ligand and performing fabrication and characterization in ultraclean environment, we obtained electron-dominated ambipolar transistors with electron mobility of ≈0.1 cm 2 V −1 s −1 , hole mobility of 1.1 × 10 −4 cm 2 V −1 s −1 , and electron I ON /I OFF ratio of 3 × 10 5 . Similarly to other nanomaterials, adsorbates (e.g., water and oxygen) introduce trap states, influencing the charge carrier transport in PbSe NR assemblies. Finally, temperature-dependent measurements were carried out under vacuum in a wide temperature range from 297 to 5 K. The analysis of the carrier mobility versus temperature put in evidence two types of electron hopping mechanism and substantial electronic disorder over the whole temperature range.
Results and Discussion
Colloidal PbSe NRs are usually synthesized by using oleic acid (OA) as capping agents for the lead precursor, typically leading to NRs of large diameter (>4 nm). [34, 35] Recently, we reported that reducing the diameter of PbSe NRs by using trans-2-octenoic acid (t-2-OA) and OA as mixed capping agents could improve the photovoltaic performance. [20] Herein, we slightly modified the original recipe and used trans-2-decenoic acid (t-2-DA) as the single capping agent, which gave rise to well-controlled PbSe NRs (see the Experimental Section for details). The procedure for the synthesis of PbSe NRs is schematically shown in PbSe nanocrystals is occurring by oriented attachment as previously reported. [20, 34] The use of t-2-DA, which is two carbon atoms longer than t-2-OA, not only decreases the possibility of branched rods but also contributes to increase the solubility of PbSe NRs. A transmission electron microscopy (TEM) image of the synthesized PbSe NRs is shown in Figure 1b , the particles display an average diameter of 2.7 ± 0.2 nm and an average length of 13 ± 3 nm. Figure 1c shows a high-resolution TEM (HRTEM) image of a single PbSe NR showing its good crystallinity and structural integrity. The rod displays atomic planes spaced at 0.31 nm, which corresponds to the (100) planes of the PbSe fcc crystal structure, which is matching the Fourier transform image reported in the inset of Figure 1c .
As-synthesized, PbSe NRs in hexane solution show a welldefined first excitonic absorption peak at 1208 nm, while the photoluminescence (PL) spectra is red-shifted to 1311 nm, as shown in Figure 2a . The rather large Stokes shift (about 100 nm) is in agreement with previous studies. [34, 36] The position of the first excitonic peak depends on the rod's diameter rather than its length due to the fact that quantum confinement in anisotropic nanostructures is dominated by their smallest length scale. [34, 37] To obtain conductive NR solids, we performed ligand exchange on as-deposited layers of NRs using a solution of an organic iodide salt (TBAI). Fourier transform infrared spectroscopy spectra prove the effectiveness of the ligand exchange ( Figure S1 , Supporting Information). The TBAI-treated films show a flat and uniform surface with a rootmean-square roughness of 1.4 nm, as deduced from atomic force microscopy micrographs ( Figure S2a , Supporting Information). Comparing the absorption spectra of PbSe NR films before and after TBAI treatment (Figure 2b ), we note that the NR assemblies still preserve the size-dependent optical absorption and emission features after ligand removal, indicating that the exchange process has not compromised the quantum confinement in the resulting films. The red shift between the absorption peak of the as-made films (1214 nm) and the TBAItreated films (1227 nm) can be explained with the enhanced electronic coupling between NRs after ligand exchange. [23] Such a process reduces the inter-NR distances, in turn leading to increased PbSe NR coupling and conductivity. Similarly, the emission peaks also shifts from 1360 to 1380 nm after ligand exchange, nearly without peak-shape variation. The 153 nm Stokes shift in TBAI treated-films is close to the 146 nm measured in as-made films, but the Stokes shift in both films are significantly larger than that in solution, indicating a probable energy transfer towards NRs of larger diameter. The full width at half maximum of the PL spectra in PbSe NR assemblies (205 nm) show significant broadening with respect to that in solution (164 nm), consistent with the elevate polydispersity of the sample and coupling disorder within the film. [38] For the FETs fabrication, PbSe NRs were directly deposited on the Si/SiO 2 substrates using a layer-by-layer spin-coating process (Figure 3a) . The transistor device structure with a bottom gate/bottom contact configuration is depicted in Figure 3b ; films of about 40 nm were used as active layer ( Figure S2b , Supporting Information). The devices, before electrical characterization in an N 2 -filled glovebox were annealed at 120 °C for 30 min to remove the solvent and increase the NR coupling. Typical I D -V D output characteristics of the PbSe NR FETs are presented in Figure 3c . The devices show ambipolar behavior with electron-dominated characteristics, and clear current saturation for both n-and p-channel. The I D -V G transfer characteristics in the n-channel operation are shown in Figure 3d . Pronounced n-type transport with I ON /I OFF ratio of 10 4 and subthreshold swing (S) value of 3.7 V dec −1 is measured. As expected, the hole current shows inferior characteristics with I ON /I OFF ratio of 10 3 and S value of 13.7 V dec −1 ( Figure S3 , Supporting Information). Using Equation (2) are reported. [20] In addition, data of devices of different channel lengths show that the contact resistance does not influence the electron mobility in the linear regime for 20 µm channel length devices ( Figures S4 and S5 , Supporting Information). We found that the ambient of measurement plays crucial roles in device performance. The transistors were taken out of the glovebox and were transferred to a vacuum chamber (10 −7 mbar), where the transistors were again annealed at 120 °C for 30 min. In vacuum the devices retain the ambipolar behavior with electrons being the dominating charge carriers (Figure 3e) . However, the performance significantly improved when compared to the characteristics measured in the N 2 -filled glovebox ( Figure 3c ). For the electron channel, the I D value linearly increases over a wider V D range before the saturation regime is reached and a higher linearity of current at low source-drain voltage is observed. To further verify the environmental factors on the device performance, we took the transistors back to the N 2 -filled glovebox (before measurement, the transistors were reannealed at 120 °C for 30 min). The FETs maintain the general ambipolar properties shown earlier. Nonetheless, the saturation currents slightly decrease in the n-channel operation, as seen in Figure S6a in the Supporting Information.
The three corresponding transfer curves to the above mentioned experiments are plotted in Figure 3f and Figure S6b in the Supporting Information. The mobility, I ON /I OFF ratio and S values, and the estimated 2D trap density (see details in the Experimental Section) were extracted in the linear regime of above mentioned transfer curves, and are summarized in number of electron traps under vacuum. Interestingly, the improvement in electron mobility and in subthreshold swing is partially maintained after the transfer back to the glovebox.
Strongly suppressed hysteresis is observed in the n-channel output and transfer curves in vacuum. The generally observed hysteresis in QD FETs, can be originated from charge transfer to neighboring adsorbates (e.g., water and oxygen), or charge trapping at the dielectric surface or in the active layer. [39, 40] In our case, we speculate that annealing in vacuum effectively eliminates adsorbed molecules on the surface of the PbSe NRs, leading to improved electron transport. [41] The hysteresis becomes more pronounced when the sample is returned to the glovebox from the vacuum chamber, but it is still lower than the one measured before the vacuum annealing. It appears that the surface of the NRs reabsorbed gas molecules during the transfer process from/into the glovebox, [22] leading to enhanced hysteresis. However, this adsorption-desorption process appear to be reversible. [25] We calculated the value of the trap density under three different surrounding conditions, as seen in Table 1 . The change of the trap density is caused by the gasadsorption and as expected, the lowest trap density is observed under vacuum. We speculate that electrons easily transfer from PbSe NRs to acceptor states created by molecules bound to the substrate and to the surface of the NRs, [28] which are desorbed upon annealing and vacuum treatments. [25] In order to better understand the transport mechanism in this NR assembly, the FETs were also characterized at lower temperatures. The temperature-dependent I D -V G transfer characteristics measured between 297 and 5 K are displayed in the form of 2D plots (as seen in Figure 4 and Figure S7 Information). The transfer curves exhibit similar ambipolar characteristics dominated by electron transport over the full temperature range. In the n-channel operation, the drain current remarkably increases with the temperature, indicating that electron transport in PbSe NR assemblies is thermally activated (hopping transport). [33] Negligible hysteresis is observed between forward and reverse scan in the n-channel transfer characteristics at temperatures between 240 and 60 K, while a distinct hysteresis appears above 240 K and a small hysteresis is reappearing below 60 K (Figure 4 and Figure S7 , Supporting Information). In the p-channel operation, the drain current also increases with increasing temperature with some fluctuation, but the large hysteretic behavior remains over the whole temperature range showing a decrease at low temperature. The temperature behavior of the hysteresis indicates the distribution of the trap states in the semiconductor, in this case showing a broader and deeper trap distribution closer to the highest occupied states of the PbSe rods. The temperature-dependent I D -V D output characteristics exhibit high linearity of the electron current and display clear saturation behavior over the full temperature range ( Figure S8 , Supporting Information). At very low temperatures (from 40 to 5 K), an injection barrier (appearing as S-shaped output curves at low drain voltages) is observed for both electrons and holes ( Figure S9 , Supporting Information); hence we excluded these data from the in-depth analysis.
Charge carrier mobilities, I ON /I OFF ratios and subthreshold swing values, as well as trap densities were obtained from the linear regime transfer curves, and are summarized in Table S2 in the Supporting Information. The trap density remains constant in the whole temperature range from 297 to 50 K, indicating deep traps that are active even at room temperature (Figure 5a) . The ambient-related trap states discussed earlier are expected to lie deep in the bandgap, matching previously observed behavior. [28] The electron and hole I ON /I OFF ratios follow similar trends, as shown in Figure S8b in the Supporting Information. The increase of the I ON /I OFF ratio in the temperature region (from 297 to 220 K) is due predominantly to the decreasing offcurrent, caused by the decreasing intrinsic carrier density and electron mobility. Subsequently, the I ON /I OFF ratios remain stable between 210 and 50 K and then decrease a lot below 40 K, as a result of the injection-limited on-current. As seen in the 2D images of the transfer characteristics, the voltage onset shifts further from 0 V with the temperature variation, shift that is also visible in the output curves (as seen in Figure S8b ,d in the Supporting Information).
The temperature-dependent mobility values obtained from the above described measurements are used to investigate the mechanism of charge transport in PbSe NR assemblies. The temperature dependence of the conductance described
, where p depends on the type of hopping and T 0 depends on material properties, which is commonly used to interpret low temperature data of samples where hopping transport is dominant. [42] We can rewrite the above equation as
where µ is the charge carrier mobility, p is the processdependent hopping exponent and T 0 incorporates both some process and materials properties. [42] The physical content behind the p exponent lies in the details of the hopping process. The probability of a single hopping event between two states can be described as ~exp 2
where r is the hopping distance, a is the electron or hole localization length, and ε is the energy difference between the two states involved in the hopping process. [43] In the high temperature range (2r/a ≫ ε/k B T), the energy difference between neighboring sites is not limiting the hopping probability, and thus the dominant process is nearest-neighbor hopping (NNH), with a purely Arrhenius-like behavior (p = 1). At low temperatures, on the other hand, the energy difference will be the limiting factor, therefore the hopping will occur between states of similar energies, resulting in a form of variable-range hopping (VRH). [44] In the Mott-type VRH, the p parameter depends on the d dimensionality of the system with p = 1/(1+d). In an FET, the transport occurs in a quasi-2D region at the insulator-semiconductor interface, thus p = 1/3 is expected. However, in case of large charging energy, a Coulomb-gap appears, giving rise to an exponent p = 1/2, called the Efros-Shklovskii (ES)-type VRH. [45] We therefore investigated the dataset by fitting linear functions to plots of ln(µ e ) versus T −p with the expected exponents.
The electron mobility shows a monotonic, thermally activated trend, while hole mobility reaches a maximum at intermediate temperatures (as seen in Figure S10c in the Supporting Information). The reasons behind the latter phenomena are unclear and could maybe ascribe to the hole traps. In any case from this point we restrict our analysis to the electron transport. The logarithm of the electron mobility ln(µ e ) with respect to T −1 and T −1/3 are shown in Figure 5b . Between 297 and 250 K the data can be described with a coefficient p = 1. This dependence is signature of nearest-neighbor hopping at temperatures where the energy differences between the adjacent states can easily be overcome. In this regime, Equation (1) simplifies to e
; the activation energy of the nearestneighbor hopping (E NN ) was found to be 54 meV. This value matches well the ≈60 meV disorder obtained from the width of the PL peak on the low energy side. In the low temperature region (from 180 to 40 K), the dataset deviates from Arrhenius behavior, and shows a linear dependence with lower p values. Due to the low number of data points, and the unreliability of the data below 40 K, the precise value of the exponent cannot be determined ( Figure S11 , Supporting Information). GuyotSionnest and co-workers described that a transition between the ES-and Mott-VRH is observed with variation of temperature and carrier density. [46] Since we measured the mobilities at rather low carrier densities and the charging energy in our material is expected to be low due to the high dielectric constant, the p = 1/3 exponent is the most reasonable result in our case. Moreover, the large disorder shown in the PL data and the NNH-regime of our mobility dataset results in a reduced density of states compared to an ordered system, arguing against the ES-VRH mechanism. In either case, the large electronic disorder dominates the transport properties at low temperatures. In addition, we also observed an apparent p = 2/3 regime from 230 to 110 K ( Figure S10d , Supporting Information). This exponent has not been reported in CdSe and PbSe QDs, but appeared in ZnO films, where the 2/3 exponent was explained by VRH, which includes activation based on energy fluctuations in the surrounding media. [43] However, at this point it cannot be excluded that 2/3 exponent is due to an artifact caused by a smooth transition between Mott-VRH and NNH, also due to the highly disordered nature of our sample.
Conclusion
In summary, we demonstrated that well performing FETs can be fabricated using high quality PbSe NR with TBAI ligands. We found that the measurement environment plays an important role in device performance due to the formation of charge traps by adsorbates (e.g., water and oxygen). Electron mobility of 0.1 cm 2 V −1 s −1 and n-channel I ON /I OFF ratio of 3 × 10 5 are achieved in SiO 2 gated-PbSe NR FETs. The temperature-dependent measurements reveal a transition around 200 K between nearestneighbor and variable-range hopping mechanism. Below this temperature, the transport is dominated by the large disorder, pointing to a possible way of improving the device properties. These results have important implications for further application of PbSe NRs in optoelectronic devices.
Experimental Section
Material Preparation: PbSe NRs synthesis was performed with a modified recipe of the one reported in ref. [20] At first, 10 mL tris(diethylamino)phosphine and 10 mmol Se powder were combined and stirred overnight in N 2 glovebox. The synthesis was performed under nitrogen atmosphere using standard air-free Schlenk line techniques. A solution of 89 mg of PbO (1 mmol), 170 mg of t-2-DA (1 mmol), and 8 g of 1-octadecene (ODE) was heated at 130 °C in a 50 mL three-neck flask under nitrogen for 1 h. The solution was then degassed at 100 °C for an additional 1 h under vacuum. Subsequently, the solution was kept at 100 °C under nitrogen. A mixture of 1.2 mL 1 m TDPSe and 20 µL diphenylphosphine in 1.2 mL ODE was injected under vigorous stirring. The NRs grew at the injection temperature for 10 min, and the reaction was rapidly quenched by placing the flask in a cold water bath and injecting 5 mL anhydrous hexane. The NRs were purified by precipitation once in hexane/isopropyl alcohol and once in hexane/isopropyl alcohol/ acetone and stored in powder form in glovebox.
Characterization: TEM images were recorded on a Tecnai G2 F20 S-Twin transmission electron microscope. UV-vis-NIR spectra were obtained on a UV-3600 model UV-vis-NIR spectrophotometer. For PL measurements, PbSe NRs films were deposited on quartz substrates using the layer-by-layer technique and each layer of carboxylatecapped PbSe NRs was place-exchanged by treating with a solution of 30 × 10 −3 m TBAI in anhydrous methanol for 30 s exposure time. The samples were excited with the second harmonic (400 nm) of a modelocked Ti:Sapphire laser (Mira 900, Coherent). Florescence was collected onto a spectrometer and recorded using an iDus-CCD from Andor Technologies (1.7 µm InGaAs detector). All spectra were corrected for the spectral response of the setup.
Device Fabrication: PbSe NRs FETs were fabricated by a layerby-layer sequential spin-coating technique on top of the substrate (Figure 3a,b) . The configuration of transistor was made on a highly doped silicon substrate with a 230 nm thick SiO 2 layer as gate dielectric, photolithographically patterned gold electrode with 20 µm channel length and 10 mm width. The substrates were cleaned by sonication in acetone, isopropyl alcohol, and acetone for 10 min in sequence and then by plasma treatment for 3 min to remove any organic residue. After cleaning, the substrates were transferred into glovebox for device fabrication. The first thin layer was spin-coated at 1000 rpm for 30 s from 2 mg mL −1 solution of t-2-DA capped-PbSe NRs in hexane. Solidstate ligand exchange was performed by soaking the as-prepared film in 10 × 10 −3 m TBAI solution in methanol for 30 s, followed by two rinsespin steps with three droplets of acetonitrile. The next three thick layers were spin-coated from 10 mg mL −1 solution at 1000 rpm for 30 s, and then soaked into 30 × 10 −3 m TBAI solution in methanol for 30 s with the same washing procedure as above. After each spin-coating step and ligand exchange step, the substrate was dried for 5 s at 100 °C on the hot plate. The total thickness of the PbSe NRs film was around 40 nm. The fabrication was completed by annealing the devices for 30 min at 120 °C to remove solvents and improve the NRs binding.
Device Measurements: Transistor measurements were carried out with a Keithley semiconductor characterization system 4200-SCS in combination with a probe station in N 2 -filled glovebox. The roomtemperature vacuum and temperature-dependent measurements were performed in a probe station (Janis Research, ST-500-2-LF). Measurements were performed under high vacuum (≈10 −7 mbar) and at varying temperatures between 297 and 5 K using a liquid helium cooling system. The charge carrier mobility (µ) was extracted from the linear regime of transfer characteristics, using the gradual channel approximation (2) where L and W are the channel length and channel width respectively, V ds and C i are the dielectric capacitance and source-drain voltage respectively. In the devices, the capacitance of SiO 2 is 15 nF cm −2 .
The 2D trap density in the channel, including both the traps at the oxide interface and the bulk traps within the accumulation depth, was estimated from the subthreshold swing using the following formula [47] = 
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